The aim of flight simulation is to create an environment for the pilot wherein he or she can perform the piloting task in such a way that the objective of the simulation, training or research, is reached. To simulate the flight environment in a simulator models describing the aircraft dynamic behavior and its systems, the atmosphere, the geographical and navigational environment, etc. are used. To fulfill his task, the pilot needs to perceive all relevant information and must have the means to control the simulated aircraft. This means that the pilot-aircraft interface, the cockpit with all its displays and controls, the aircraft motions, etc. has to be simulated accurately so that the pilot can perform in the simulator as in the real aircraft. Not only all cockpit systems have to provide the pilot with the proper stimulation of his senses but also the cockpit controls need to produce the proper control force-stick displacement characteristics. To make that possible not only all aircraft systems to be simulated have to be understood but also all human systems i.e. the characteristics of the senses (visual, vestibular, auditory, proprioceptive, etc.) and the actuation mechanisms have to be known. Based on this broad knowledge the pilot -aircraft interface for simulation can be specified, designed and employed. The MST Motion Working Group is currently documenting on the human capabilities and simulator systems. In this paper the neuromuscular system will be discussed. Both the physiology of the muscle and the sensors, the muscle spindle and the Golgi tendon organ, and the components of the nervous system regulating the force and position of the limb, as well as the adaptation of the neuromusculosketal system to the task requirements are discussed. Recently a neuromusculosketal system model was developed at Delft University. This model is used to explain the adaptation to three typical tasks in response to stick forces: resisting forces (maintaining a constant position), ignoring forces (minimizing muscle activity) and giving way to them (maintaining a constant force). Based on the model it is shown which parts of the system are adaptable and how the model parameters change to adapt the admittance, the external force/displacement characteristic, to the task.
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Introduction
In the early days of aviation it was discovered that stick force and stick displacement had a direct relation with aircraft stability and handling qualities. Consequently stick force and stick displacement stability became a requirement for aircraft with a conventional flight control system as early as in the twenties. With the introduction of Fly by Wire flight control systems new solutions for flight control came available. For this type of flight control system different inceptor dynamics have been applied; the isometric side stick in the early versions of the F-16, a mass-spring-damper stick in the Airbus transport aircraft and a control loading system simulating conventional stick force and displacement characteristics in the Boeing 777. For many years research has been performed on the interaction of inceptor dynamics, handling qualities and pilot dynamics 10, 13 . In modeling pilot's control behavior the neuromuscular system dynamics have been taken into account 8, 12 from the beginning indicating that the contribution of the neuromuscular system to pilot's control behavior is of importance. In addition, pilot models incorporating a neuromuscular model were used to analyze specific biodynamic feedback problems such as roll ratchet 9, 16, 21 . Recent research showed that haptic feedback by using servo controlled inceptors can improve human operator control behavior and keep the human operator more involved in the actual control task, Abbink 1, 3, 4 . So, different solutions for inceptor dynamics are possible without compromising pilot's control performance. This is a result of the characteristics of the neuromuscular system and the human capability to adapt its behavior to the task. The neuromuscular system comprises muscles, sensors and a neural network for control and feedback. It is capable of generating and sensing the exerted control force and inceptor displacement and uses these signals as feedback signals. More importantly it allows the human operator to adjust its dynamic behavior over a very wide range of tasks. Research showed that the human operator adapts the characteristics of the neuromuscular system to his/her preference to perform the task. The aim of flight simulation is to create an environment where in the pilot can behave and perform as in real flight to reach the objective of the simulation; i.e. training or research. This requires a sufficient level of similarity between real and simulated flight. This makes flight simulation the ultimate Man-Machine System problem. For flight simulation this means that the actual dynamic characteristics of the aircraft inceptors/control devices have to be simulated. While simulation is always a compromise, knowledge of the characteristics of the neuromuscular system may help to take the most optimal decisions. The paper describes the main components of the neuromuscular system, and how they interact to obtain functional control behavior. A control engineering model of the neuromuscular system based on research performed at Delft University 1,18,22 and elsewhere will be discussed. Due to the highly adaptive characteristics of the neuromuscular system the model parameters depend on the task and the adaptation of the operator to the task. Examples of how the operator adjusts the dynamic characteristics of the neuromuscular system to the task will be presented. American Institute of Aeronautics and Astronautics The neural network
The building block of the nervous system is the nerve cell or neuron. There are many types of nerve cells but the general structure is the same and includes a cell body or soma, the dendrites and the axon, Fig.1 α and γ motor neurons control the contraction of the extrafusal muscle fibers and intrafusal muscle spindle fibers respectively and are located in the spinal cord. Long axons run from these motor neurons in the spinal cord to the muscles in the periphery.
α motor neurons which control the motor unit may have up to 6000 axo-somatic and axo-dendritic synapses. Axons may be short to connect to neurons close by or very long to transport efferent signals from the Central Nervous System (brains and spinal cord) to the periphery. (Efferent is from the CNS, afferent is to the CNS) To assure proper propagation of the action potentials along long axons at a high enough speed, axons are insulated by myelin, Fig. 2 . In contrast to an insulated wire, the myelin sheath is discontinuous. The myelin nodes, named nodes of Ranvier, are approximately 1 to 2 mm long. Transportation speed of the action potential in a myelinated axon may be as high as 100 m/s. This is of direct importance for the neuro motor system to keep time delays small and the control stable.
The muscle
The main task of the neuro-motor system is to control the tension and length of the muscle to generate the required movement of the skeleton. To make that possible, the muscle is built up with parallel bundles of string like fascicles each consisting of bundles of muscle fibers, Fig. 3 . Typical muscle fibers are about 2 to 6 centimeter long and 50 to 100 μm thick. A muscle comprises hundreds of thousands or more independent contractile elements in parallel and in series. The muscle fibers run through the muscle length and terminate at both ends in the connective tissue, i.e. tendons. American Institute of Aeronautics and Astronautics 
, 2000).
A muscle is controlled by motor neurons in the spinal cord. The axon of the motor neuron exits the spinal cord and transverses into the muscle. The axon branches to innervate 100 to 1000 muscle fibers spread over the muscle. The muscle fibers innervated by one motor neuron together with the motor neuron are called a motor unit. The connection between the motor neuron and the muscle fiber is a chemical synapse and called the end plate. The construction of the synapse is such that the muscle fiber responds to each action potential of the motor neuron. The muscle fiber is build up by myofibrils in parallel through the fiber.
The myofibrils are striated due to the repeated pattern of a series of sarcomeres which form the actual contracting elements. The length of a sarcomere is between 1.5 and 3.5 μm resulting in a series of about 20000 sarcomeres for a muscle fiber of 4 cm. Adjacent to the Z disks, the sarcomere consists of thin actin protein filaments while in the centre thick myosin protein filaments are situated. When the muscle fiber is activated bridges are formed between myosin and actin filaments. These bridges (groups of molecules that form a chemical link) shorten as soon as they are formed which slides the filaments along each other. After shortening the link is broken and the cycle starts again. In the case of isotonic contraction the muscle fiber will shorten and in case of isometric contraction the muscle force will increase. The number of bridges which may be formed depend among others on the overlap of the thin actin and thick myosin filaments, Fig. 4 . The maximum muscle force can be reached with a maximum overlap of the filaments. When the sarcomere is stretched the overlap will decrease and the maximum active force will decrease. In addition, when the sarcomere is stretched above the length L 0 for maximum force a passive force due to the stretch of the connective tissue will occur.
When the motor neuron excites one single time, the isometric response of the muscle fiber may last for about 200 ms, Fig. 5 . By generating a series of action potentials the response of the muscle fiber will change to a constant force if the frequency is high enough. In that case one speaks of titanic response, Fig. 6 . The total force the muscle exerts depends on the activation of the motor unit, the actual length of the muscle and the number of motor units activated. Because the action potential of one motor neuron may activate hundreds of muscle fibers, the electric potentials may be measured as an electromyogram (EMG) using electrodes on the skin. These signals are valuable for studying motor control. Next to discuss is how muscle force and contraction is used to control the position of for instance a limb under a certain load. First it has to be remarked that a muscle in contradiction to a servo actuator can only contract and consequently exert a force in the direction of the contraction. By using muscles in pairs, antagonist muscles, back and forth movement is made possible. For a one degree of freedom joint for instance, a flexor and extensor muscle take care for the joint position, Fig. 7 . For a ball joint as the shoulder a complex of muscles is used to control the three degrees of freedom of the shoulder. Muscle spindle and Golgi tendon organ.
The muscle spindle is sensing muscle length and length change and consists of intrafusal muscle fibers. Thick myelinated afferent sensory fiber endings and thin myelinated efferent motor fiber endings connect the muscle spindle with the motor neurons in the spinal cord, Fig. 8a . When the intrafusal fibers are stretched the sensory endings are activated and increase their firing rate. Where the muscle spindle is embedded in the muscle fibers, stretch of the muscle extrafusal fibers will consequently stretch the muscle spindle intrafusal fibers and lead to an increase of the sensory endings firing rate and inversely. When the higher centers decide to contract a muscle, both the α and γ motor neurons are excited and the muscle fibers and the muscle spindle will contract. If both contractions correspond then there is no afferent feedback to the motor neurons. In addition to the motor neurons, many inter neurons located in the spinal cord influence in an excitatory or inhibitory sense the action of motor neurons depending on the voluntary movement to be made. The innervations of the intrafusal fibers with the motor endings come from the small γ motor neurons. Increase of the firing rate of the γ motor neuron causes a shortening of the intrafusal fiber which stretches the sensory part of the intrafusal fiber and increases as for muscle stretch the firing rate of the sensory endings. Due to the size, strength and number of muscle spindles shortening of the intrafusal fibers does not contribute to the contraction of the muscle. Each muscle spindle contains several types of intrafusal fibers; dynamic bag fiber, static bag fiber and nuclear chain fiber, Fig. 8b . Muscle spindles have normally 2 to 3 bag fibers and about 5 chain fibers. The primary Ia ending wind themselves around the mid region of the intrafusal fibers, while the secondary II fibers wind themselves just besides the central region. This dual structure reflexes the total function of the muscle spindle. Both primary and secondary endings signal the length of the muscle by a steady or tonic discharge rate. In addition to that the primary endings are sensitive to the rate of change or velocity of the muscle length. Due to their high sensitivity to velocity they offer a fast response to length changes. Furthermore two types of γ motor neurons, static and dynamic, have a different effect on the firing of the primary sensory endings. The dynamic γ motor neuron increases the dynamic sensitivity of the Ia sensory endings and the static γ motor neuron increases the static American Institute of Aeronautics and Astronautics response sensitivity. In this way the central nervous system can regulate the static and dynamic sensitivity of the muscle spindles.
The Golgi tendon organ is situated in the connection between the muscle fibers and the tendon fibers, Fig.9 , and thus placed in series with the muscle fibers. The length of this organ is approximately 1 mm. A Golgi tendon organ is innervated by one Ib γ neuron axon. Fine axon endings interweave with the collagen fibers of the Golgi tendon organ. Stretch of the organ straighten the collagen fibers and compress the axon endings which causes the Ib γ neuron to fire. The discharge rate of a group of tendon organs provides a reasonable linear relation with the muscle force.
Functioning of the neural network
The neural network controlling the muscle consists not only of the α and γ motor neurons but also of a large number of interneurons. These interneurons form different types of feedback path and can be activated when necessary. Some of the contributions of the interneurons in the neural network are discussed below.
When by an external cause the muscle is stretched the Ia muscle spindle afferent will fire and excite the α motor neuron to contract the muscle. Where there is only one synapse involved this monosynaptic stretch reflex is fast with a minimum of delay, Fig. 10 . The same Ia afferent also excites the motor neuron of the synergist muscle by way of an inhibitory interneuron which on its turn inhibits the α motor neuron and relax the antagonist muscle. Through one single descending command from a higher center coordinated control of antagonist muscles is organized, i.e. activate the flexor muscle and inhibits the extensor muscle by the mediation of the Ia inhibitory interneuron. A comparable solution holds for co-contraction where both antagonist muscles are activated. The interneuron Renshaw cell is activated by collaterals of the motor neuron and inhibits the motor neuron. This negative feedback regulates the motor neuron and stabilizes its firing rate. Feedback of the Golgi tendon organ, Joint and Cutaneous receptors interact with motor neurons through an inhibitory interneuron, Fig. 12 . In Fig. 13 the contribution of an inhibitory interneuron to the control of antagonist muscles is shown. From these figures it is clear that the interneurons play a very important role in the control of the muscles. American Institute of Aeronautics and Astronautics 
Neuromuscular model
At the Department of Biomechanical Engineering of the Delft University of Technology research is performed on the dynamic behavior of the neuromusculosketal system. This group has been succesfull in modeling the neuromusculosketal system and developing experimental techniques to identify the model parameters 7, 14, 15, 19, 20, 22, 23, 24 . As shown above, the neuromuscular system with the limbs, muscles, sensors and neural network is complicated, highly adaptable and not easy to understand. A control engineering model can help to understand what the basic structure of the neuromuscular system is and how it reacts on changes; internal by the adaptation and external by forces and displacements.The model as it will be discussed below describes the dynamics of a one degree of freedom joint interacting with its environment, i.e. external force F ex and displacement x e , Fig 14, and is primarily based on Schouten 20 . The neuromusculosketal model will be discussed as such. The model takes the antagonist flexor and extensor muscles together as one muscle skeletal system where it works normaly as such. Based on the description of the neuromusculosketal system above the dynamic description of the blocks in Fig. 14 can be discussed. The muscle as shown in Fig. 4 has active and passive characteristics which are described in the model block diagram in Fig. 14 by H act for the muscle activation dynamics and H ce for the visco-elasticity of the contractile element.
where the active component is described by: 20 .
The activation a is the sum of the feedback of the muscle spindle H ms output and the Golgi tendon organ H gto feedback delayed by a transportation time delay τ d . (4) Based on the description of the muscle spindle the afferent response characteristics H ms are described by:
taking muscle length, length change and acceleration into account and transfer of the tendon force to the Golgi tendon organ H gto afferent output by a gain:
The tendon elasticity is described by a spring stiffness k se and:
The limb dynamics H int are described as a mass, spring, damper system:
The environment is added to the neuromusculosketal model in the upper part of Fig. 13 by the inceptor dynamics H e . There is a difference between the inceptor position x e and the limb position x due to the contact of the hand with the inceptor depending on the tightness of the grip. To describe the contact dynamics of the block H c spring damper characteristics have to be added. (11) was derived in Ref 14 and can be calculated with the graphical interface.
From the dynamic blocks in Fig. 14 the afferent feedback of the muscle spindle H ms , the Golgi Tendon organ H gto , and the muscle viscous elasticity H ce can be adapted by the operator to obtain the required response. This is of course a simplification. The real neuromuscular system is non linear and more complicated. However, it turns out that the model describes the behavior quite accurately and that the model parameters can well be identified.
To demonstrate the adaptability of the neuromusculosketal system Damveld 5 performed an experiment on the contribution of the neuromuscular system during a pitch control task. They asked a subject to perform three simple tasks while the column was disturbed by continuous multi sine torque perturbations, i.e.
• Position task, hold the column in a fixed position.
• Relax task, relax and ignore the torques on the column.
• Force task, give way to the torque perturbations and keep the force on the column constant.
and determined the admittance for the three tasks as a function of the torque disturbance input frequency, Fig. 14.
These three tasks have a direct meaning in relation to the adaptation of the neuromusculosketal system and the adjustment of the model parameters. In daily life we perform a position task when holding the steering wheel of a car on a bumpy road or an umbrella in stormy wheather. For the force task an inverse adaptation is required. Imagine that you walk from a coffee counter with a full cup of coffee in your hand while bumping into other people in the crowd. See also Abbink 2 The result of the test is shown in Fig. 15 . For the position task the magnitude of the admittance is low at low frequencies corresponding with small displacements when the position is maintained. For the force task the atmittance is high allowing large displacements while keeping the force constant. This means that the subject gives way during the force task which leads to large displacements.
For the position task it is required that the co-contraction is increased to make the joint stiffer which results in an increase of muscle visco-elasticity H ce (eq. 3). In addition, the afferent muscle spindle feedback has to be increased to reach a tight control of the position x e . Finally an inhibitory force feedback is required to decrease the admittance American Institute of Aeronautics and Astronautics
The result of these adaptations on the admittance are shown in Fig. 16 relative to the relax task. An overview of the model parameters for the three tasks is presented in Table 1 . From Mugge et al 16 it is clear that the afferent feedback of the muscle spindle, Ia, and the Golgi tendon organ, Ib, can be excitatory as well as inhibitory depending on the adaptation required to fulfill the actual task. For the force task the inverse changes of the model parameters to increase the admittance at the low frequencies was required.
Discussion
In this paper the physical properties of the muscle, the sensors (muscle spindle and Golgi tendon organ) and the nervous system network controlling the neuromusculosketal system were discussed. In addition, an engineering model describing the neuromusculosketal system is described and applied to demonstrate how the system is adapted to a task (force task, relax task and position task). What is the importance of knowledge of the neuromuscular system for aircraft control and in particular for flight simulation? For manual flight control pilot's neuromuscular system generates not only his control output but also perceives the stick force and stick displacement with the sensors of the neuromuscular system. The interaction between the neuromuscular system and the flight control system inceptor has direct consequences for the handling qualities of the aircraft. The influence of stick characteristics has been extensively studied 10, 13 . As stated in the introduction, flight simulation is the ultimate Man-Machine System problem. It not only interfaces the pilot with his senses and neuromuscular system with the aircraft but in flight simulation all the aspects must be simulated correctly, subject to the objective of the simulation. A better understanding of the senses involved in flight simulation will improve the choices which have to be made to optimize the Man-Machine Interface in flight simulation. For flight simulation and in particular the control loading system, the neuro-motor system characteristics are important due to the interaction between the inceptor dynamics and the neuromuscular system. Further more, the control loading system and by extension the neuromuscular system provide the pilot a direct high bandwidth interaction with the simulated aircraft dynamics. The presented neuromusculosketal system model offers the opportunity to quantify pilot's admittance during aircraft control and -using parameter fits -obtain an insight into how each of the pilot's neuromuscular mechanisms adapts to the control task. A research effort to identify the contribution of visual, vestibular and neuromuscular system to pilot's control behavior in actual flight control is underway at Delft University of Technology. New results
. are reported at this conference 6 .
